Abstract-A wide-band single-layer EMI shielding material for X-band is developed using an M-type strontium hexa-ferrite nanoparticle filler in LLDPE matrix. Strontium hexa-ferrite nanoparticles with crystalline size of 25.8 nm are obtained by annealing at 850 • C. LLDPE allows a higher wt.% of ferrite inclusions enabling enhanced dielectric and magnetic losses. A peak absorption of 99.39% is achieved at 10.21 GHz when the filler weight in a 3 mm thick sample is adjusted to 60 wt.% while a wide −10 dB absorption bandwidth of 3.36 GHz centered around the same frequency is obtained. The density of the composite is 1.36 g/cm 3 and shows negligible water absorption.
INTRODUCTION
Magnetic absorbers are increasingly finding use in shielding of interfering electromagnetic waves. Permeability together with permittivity of the magnetic absorber results in impedance matching at the air-absorber interface (Z = μ/ε), and also the thickness of the absorber decreases as the guide wavelength is reduced by a factor of 1/ √ με. Magnetic losses along with dielectric losses enhance attenuation of the incident wave. Earlier magnetic absorbers used bulk ferrites and/or iron filings dispersed in matrix, mostly natural rubber, EPDM rubber, etc. [1, 2] . These absorbers were heavy and less resistant to corrosive environment [3] . Over the past decade, nano-sized magnetic materials have been increasingly used as inclusions for absorbers [4] [5] [6] [7] . The reduced particle size splits the electronic energy level spacing which lies in the microwave range [8] . These discrete levels attenuate the impinging electromagnetic wave more rapidly as electrons absorb the energy when they move from one level to another. Most of the applications require thin and light weight absorbers with wide absorption bandwidth. Multilayering and stacking are some of the methods for enhancing absorption bandwidth [9] [10] [11] . This, however, increases the thickness and weight of the absorber in addition to complicating the fabrication process. Single layered absorbers can be thin and light weight reducing any complexities in the structure and thus easing the fabrication process but inherently suffering from narrow absorption bandwidth [11, 12] .
Absorbers are composites, generally made by dispersing filler particles homogeneously in different weight ratios in polymer matrix. The amount of inclusions in a composite is limited by percolation threshold of the polymer [13] , thus, ceiling the value of permittivity and permeability of the composite and thereby the absorption. Generally, long side branched polymers such as polyvinylidene fluoride, polystyrene, novalac phenolic resin, etc. has lower percolation limit [13, 14] . Linear low density polyethylene (LLDPE) has a long linear chain and short side chain branching which disrupts the uniformity of the polymer thus preventing crystalline formation and permitting higher addition of filler percentage without making the composite brittle. LLDPE also has high tensile strength (18.8 MPa) , low density (0.915 g/cm 3 ) and can be moulded easily into thin sheets. LLDPE is an inexpensive polymer with good resistance to chemicals [15] [16] [17] [18] . M-type strontium hexagonal ferrite (SrFe 12 O 19 ) is chosen as a filler in the present investigation because of its high anisotropy (anisotropy constant of 3.5 × 10 6 erg cm −3 ), high saturation magnetization (74.3-92.6 emu/g), low density and high chemical stability [19, 20] . High resistivity of the hexagonal ferrite results in a higher dielectric loss while the resonance absorption of moving magnetic domains and spin relaxation at high-frequency electromagnetic field enhances magnetic loss [21] [22] [23] .
Nano-sized strontium ferrite is synthesized using co-precipitation technique for use as magnetic filler. XRD analysis is carried out to determine the crystalline size. Composites with different wt.% of filler in LLDPE matrix are fabricated and homogeneity of distributions is ascertained from SEM images. Complex permittivity and permeability at microwave frequency of the composite is measured using the Nicolson-Ross method [24] . Other relevant characteristics for absorbers like saturation magnetization, water absorbance and density are also investigated. A single-layer absorber is designed using the transmission line model. The thickness of the single-layer absorber is optimized so as to achieve good impedance matching and obtain maximum absorption. Reflection loss of the fabricated single-layer absorber is measured in the X-band.
EXPERIMENTAL PROCEDURES

Synthesis of M-Type Strontium Ferrite (SrFe
Strontium nitrate (≥ 98% purity, Merck) and iron (III) nitrate nonahydrate (≥ 98% purity, Merck) precursors are used as the base materials to prepare M-type strontium ferrite (SrFe 12 O 19 ) particles. The molar ratio of strontium nitrate to ferric nitrate is taken as 1 : 12. NaOH is added dropwise to control the size of the particles. Oleic acid is used as surfactant in order to reduce inter-particle interaction and prevent agglomeration. Aqueous solutions of strontium and iron salts are prepared separately by dissolving the salts in stoichiometric proportion in minimum amount of deionized water (0.1 M in 100 ml). The precipitate formed is then washed with a mixture of distilled water and ethanol to remove the sodium and nitrate compounds followed by drying to remove moisture. The dried powder is then annealed at a fixed temperature for 2 hours. Samples are prepared at three different annealing temperatures, 650 • C, 750 • C and 850 • C to get three different samples of strontium ferrite powder. X-ray diffraction of the strontium ferrite prepared at three annealing temperatures is carried out to determine the crystalline size of each sample.
Composite Preparation (SrFe 12 O 19 -LLDPE)
LLDPE powder is sieved to get powder with particle size of ≤ 5 µm. Composite specimens of different wt.% are prepared by mechanically blending this sieved LLDPE powder with SrFe 12 O 19 powder for about an hour. The mixture is then put into the die mould and cured for 2 hours by heating up to 110 • C at a constant pressure of 36.5 MPa. Then, it is allowed to cool at room temperature.
A series of composite samples are prepared with increasing wt.% from 10 wt.% to 70 wt.% in steps of 10 wt%. Beyond 70 wt.%, the composite becomes brittle and hence not considered in this study. The composite is molded into pellets of dimensions 10.38 mm × 22.94 mm × 4 mm for microwave characterization. 
From the most prominent peaks, the average crystalline size (D) is calculated using Debye-Scherrer's equation
where, k is the Scherrer's constant and β the full width at half maximum (FWHM) of the particular peak. Scanning electron microscope (SEM) studies are conducted with JEOL-JSM-6390 on the fabricated ferrite-polymer composite to find the homogeneous filler distribution in the host matrix.
Density and Water Absorbance
Density of a material gives an idea about the compactness of the material. Density measurement of the SrFe 12 O 19 -LLDPE nano-composite samples is carried out using Archimedes' principle. High moisture or humidity conditions can alter the material properties which can affect the absorber performance. The sample is tested for water absorbance by soaking in water for 72 hours at room temperature. Thereafter the samples are pat-dried. The weight of the sample is measured before and after soaking and % of water absorbed is calculated.
Saturation Magnetization
The magnetic field (B) or magnetic induction is given by (in cgs units)
where, M s is the magnetization produced when magnetic field H is applied to the material. In S.I. units,
Magnetization properties of the nano-composites are studied at room temperature using Pulsed Field Magnetometer developed at RRCAT, Indore. The saturation magnetization measurements are carried out for SrFe 12 O 19 -LLDPE composites. The applied field is 2.5 kOe.
Microwave Characterization
Complex permittivity and complex permeability over the X-band are computed from S 11 and S 21 values by Nicolson-Ross method. S 11 and S 21 parameters are measured using the transmission/reflection method, using an Agilent E8362C Vector Network Analyzer connected to an Agilent WR-90 X11644A rectangular waveguide line and the data acquired via an interfaced computer. The system is calibrated using thru-reflect-line (TRL) technique [25] before taking the measurements. Table 1 .
RESULTS AND ANALYSIS OF CHARACTERIZATIONS
X-Ray Diffraction of Strontium Ferrite (SrFe
The crystalline size of strontium ferrite is in the nanometer range. The grain size of ferrite is observed to increase with increase in annealing temperature, a trait similar to that reported in [26, 27] . At the two lower sintering temperatures studied, i.e., 
Scanning Electron Micrograph
Scanning electron micrographs are taken at 10 −11 A probe current and 20 kV accelerating voltage at different resolutions. Fig. 2 shows the SEM micrographs of 60 wt.% SrFe 12 O 19 -LLDPE nano-composite at different magnification. It is seen that there is no agglomeration of the filler particles in the matrix and more or less the distribution is uniform. Table 2 shows the density and water absorbance of 10 to 70 wt.% of SrFe 12 O 19 -LLDPE nano-composites. There is marginal increase in density of the nano-composite with increase in the ferrite content. The composite shows negligible water absorption. The minimal increase water absorbance could be due to increase in porosity of the samples with increasing filler concentration.
Density and Water Absorbance
Saturation Magnetization
The saturation magnetization values of the composites are given in Table 2 . It is seen that saturation magnetization increases with increase in wt.% of the SrFe 12 O 19 in LLDPE composite. The saturation magnetization of the composite is due to the net magnetic moment which depends on the wt.% of magnetic filler in the composite [28] . GHz. ε r is the real part and ε r is the imaginary part of relative complex permittivity. μ r and μ r are real and imaginary part of relative complex permeability, respectively. The frequency plots of ε r and dielectric loss tangent, tan δ ε for different wt.% over the X-band is plotted in Figs Polarization in ferrites is due to the presence of Fe 2+ ions, with increase in the ferrite inclusions, concentration of Fe 2+ ions increase and hence the net dielectric constant of the composite increases with increase in wt.% of the filler [27, 29] . The dispersion of complex permeability in a magneto-dielectric polymer composite is primarily due to the resonance of oscillating domain walls and the resonance of precessing magnetic moments in domains which is known as natural ferromagnetic resonance [21, 30] . However, in strontium the natural resonance peak lies at about 50 GHz [31] . For single domains, the domain wall oscillations are not present, but the crystallite size of strontium particles in this study is ∼ 25.8 nm, and hence the permeability of strontium can be attributed to the first phenomenon with increase in the weight percentage of SrFe 12 O 19 in the composite the permeability increases accordingly. The high resistivity and high anisotropy [21] of strontium ferrite leads to higher values of dielectric and magnetic losses in the composite with higher filler percentage. 
Analysis of the Characterization
SrFe 12 O 19 -LLDPE nano-composites exhibit resonably high values of permittivity, permeability as well as both dielectric and magnetic losses, rendering them suitable for absorber design. The composite remains light weight as the density increases only marginally with increase in filler percentage up to 70 wt.%. Performance of absorbers using these nano-composites can be expected to be unaffected by moisture as water absorbance is found to be negligible. The nanosized strontium ferrite blends uniformly in LLDPE matrix assuring uniform propagation of electromagnetic wave in all directions. All the composites from 10 wt.% to 70 wt.% are designed and studied as reflection type single-layer absorbers using transmission line modeling [32] described in the following section.
DESIGN OF REFLECTION TYPE SINGLE-LAYER ABSORBER USING TRANSMISSION LINE MODEL
A schematic of a single-layer metal-backed absorber is shown in Fig. 4 . From Transmission Line Model (TLM), the reflection loss, RL, for a single-layer absorber is given by
where, Z in is the input impedance of the transmission line given by 
where, f is the incident microwave frequency and c the velocity of light. Eq. (5) can be rewritten as
Absorption occurs if the reflection at the air-absorber interface is minimized, requiring Z in → Z 0 . On entering the absorber, the wave attenuates exponentially within the absorbing material. The electromagnetic wave amplitude decays as e −αx , where x is the distance traversed by em wave inside the sample and α is the attenuation constant. The attenuation factor is determined from the expression [32] 
Thus, from Eqs. (8) and (9), it is seen that effectiveness of microwave energy absorption depends upon the material parameters (complex permittivity, complex permeability, dielectric loss, magnetic loss), frequency of operation and the thickness of the absorber. The reflection loss is optimized with thickness, t, of the composite using Eq. (8) . Most of the strategic defense applications require thickness ≤ 4 mm [32] . Thus, the thickness of the absorber sample is varied from 1 mm to 4 mm in steps of 0.5 mm for 10 wt.% to 70 wt.% SrFe 12 O 19 -LLDPE nanocomposites. Table 3 shows the calculated reflection loss (RL c ) values with varying thickness of the composite. Corresponding notch frequency (f Nc ), i.e., frequency at which the value of reflection loss is maximum is also included.
From Table 4 it is observed that 10 wt.% to 50 wt.% SrFe 12 O 19 -LLDPE nano-composite do not show significant reflection loss. 60 wt.% and 70 wt.% of SrFe 12 O 19 -LLDPE composite, however, show appreciable reflection loss. From Figs. 3(a)-(d) , referring to the values of ε r , μ r and loss tangent spectra, the real part of complex permittivity and permeability for these two weight fractions show higher values than rest of the compositions and the losses are also relatively high. As significant improvement in absorption is seen when the wt.% increases from 50 wt.% to 60 wt.%, samples with two in between wt.%, i.e., 55 and 65 wt.% are also fabricated and characterized. The real part of the complex permittivity, ε r and tan δ ε for 55, 60, 65 and 70 wt. The density, water absorbance and saturation magnetization values for the four compositions are given in Table 4 .
Using Eq. (7), complex input impedance, Z in , is calculated. Figs. 6-9 show the plots of real (Z in ) and imaginary (Z in ) values of input impedance. RL c is determined using Eq. (8) for different thicknesses of the absorber for 55, 60, 65 and 70 wt.% composite over the X-band and Fig. 10 gives the values of RL c for SrFe 12 O 19 -LLDPE composites with thickness varying from 1 mm to 4 mm. The results are tabulated in Table 5 . Notch frequency, f N , corresponding to the minimum value of RL is also included in the table. From the plots in Fig. 10 , it is observed that the −10 dB calculated absorption bandwidth (BW c ) is better for t ≥ 2.5 mm for all wt.% as compared to those for t < 2.5 mm. 60 wt.% composites with t = 3 mm shows maximum −10 dB absorption bandwidth as well as peak RL value. It is interesting to see that the corresponding real (Z in ) and imaginary (Z in ) values of the input impedance are together closest to the free space real and imaginary impedance values of 377 Ω and 0 Ω, respectively, for all the wt. percentages (highlighted in Table 5 ) that are fabricated.
EXPERIMENTAL STUDY OF REFLECTION LOSS
Single-layer sheets of thickness t = 3 mm and dimension 10.38 mm × 22.94 mm are fabricated using SrFe 12 O 19 -LLDPE composites with wt.% of 55, 60, 65 and 70. The sample is placed inside an X-band sample holder (WR-90 X11644A) of length 97.8 cm mounted on the zero reference plane terminated by a short. S 11 parameter is measured in the frequency range of 8.2-12.4 GHz. The measured reflection loss (RL m ) spectrum and calculated reflection loss (RL c ) using TLM for the same thickness t = 3 mm, for 55, 60, 65 and 70 wt.% composites in the X-band is given in Fig. 11 .
The measured and calculated values of reflection loss, notch frequency and −10 dB absorption bandwidth are given in Table 6 . From the table, it can be seen that 60 wt.% composite shows maximum RL m of −22 dB and −10 dB absorption bandwidth (BW m ) of 3.36 GHz (8.536 GHz-11.896 GHz), amongst all the wt.%, covering almost the entire X-band. The notch frequency of RL m and RL c are in close proximity; the small shift in frequency could be due to fabrication tolerance. The transmission line model used to calculate reflection loss having its attendant approximations, gives loss estimations generally on the higher side as compared to measured results [26] . Practically, the absorber is designed for specific thickness satisfying the condition of destructive interference at a particular frequency. The designed thickness may not satisfy this condition over the entire X-band leading to lower measured −10 dB absorption bandwidth as compared to calculated. There are no reported experimental works on undoped strontium ferrite as filler in single-layer composite absorbers to the best of knowledge of the authors. However, there are some computed results [5, 6, 23] reporting a −10 dB bandwidth of around 2.6 GHz for a single-layer absorber thickness of 2.4 mm [6] in the X-band. The absorbers developed and characterized in the work show actual bandwidth performance comparable to the computed results using undoped strontium fillers. In one of the reported works [26] , dual experimental −10 dB absorption bandwidths of 1.04 GHz and 1.01 GHz are achieved experimentally for a single-layer 50 wt.% barium ferrite-NPR composite absorber.
Attenuation
The attenuation constant (α) of the SrFe 12 O 19 -LLDPE composite is determined using Eq. (9) from the measured complex permittivity (ε r ) and complex permeability (μ r ) values of the composites for X-band. GHz over the frequency range. The total loss is an aggregate of dielectric and magnetic losses [7] . In the 60 wt.% composite, the dielectric loss is higher than other compositions (Fig. 5(b) ).
CONCLUSION
Nano-sized strontium ferrite is synthesized and included in LLDPE matrix in different weight ratios. Since LLDPE as matrix does not allow breakdown of the bonds, filler content up to 70 wt.% can be included in the matrix. A 3 mm thick single-layer composite of 60 wt.% SrFe 12 O 19 -LLDPE shows −10 dB absorption bandwidth of 3.36 GHz (8.536 GHz-11.896 GHz) and maximum attenuation. For higher absorption bandwidth, multilayered absorbers are studied. However, multilayering complicates the fabrication process and also increases the weight. In this case, the developed single-layer composite exhibits higher absorption bandwidth spanning almost the entire X-band which is preferable in broadband applications. This is achieved by using LLDPE as the matrix material, which allows a higher percentage of inclusions. Use of LLDPE also offers the added benefit of relatively lighter absorber weight and lower thickness. The prepared SrFe 12 O 19 -LLDPE absorber is resistant to water, and the lower density of nano magnetic fillers reduces the overall weight of developed composites. The performance of SrFe 12 O 19 -LLDPE composite validates its use as single-layer thin magnetic absorber in X band with improved absorption bandwidth.
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